Abstract-This paper presents a new microrobotic platform actuated by capillary effects, combining surface tension and pressure effects. The device has 6 degrees of freedom (DOFs), among which, three are actuated: the z-axis translation having a stroke of a few hundreds of microns and θ x and θ y tilting up to about 15 • . The platform is submerged in a liquid and placed on microbubbles whose shapes (e.g., height) are driven by fluidic parameters (pressure and volume). The modeling of this new type of compliant robot is described and compared with experimental measurements. This paper paves the way for an interesting actuation and robotic solution for submerged devices on the microscale.
. Schematic view of the device, composed of a compliant table lying on three bubbles generated from a platform.
if a low stiffness is required. Besides, these systems cannot be easily actuated. We propose in this paper a novel compliant table to perform assembly operations, which is based on the use of surface tension effect of gaseous bridges (bubbles) between two solids in a liquid. Such a table could be used as a support for assembly operations, with a moving microgripper bringing new components and assembling them. For reference, the vertical stiffness of the device proposed in [4] is 6.7 Nm −1 , which is of the same order of magnitude as for our system.
Using bubbles as a means of actuation for microsystems has already been investigated, but these investigations are generally based on the expansion or coalescence of bubbles [19] . Moreover, the compliance is not taken into account [9] .
The objective of this paper is to present the microbubble-based actuation system, a model to predict its stiffness behavior and, finally, to show the advantages of such a system.
II. DEVICE OVERVIEW
The device presented here is a compliant platform that can be used to perform microrobotic assembly tasks in a liquid environment. The table has 6 degrees of freedom (DOFs), among which, three are actuated: the translation along the direction orthogonal to the platform planez and two rotations along axes parallel to the platform plane.
The device is made out of three main components [14] : the moving table, the three bubbles which are used as compliant actuators, and the platform from which the bubbles are generated (see Fig. 1 ).
Bubbles are the key to this device. Thanks to surface tension at the gas-liquid interface, and to the gas compressibility, a microbubble can be used as a compliant actuator. Indeed, the force developed by a bubble sandwiched between two solids has two components: one due to surface tension along the triple line (where solid, liquid, and gas touch one another), and the other due to the pressure gradient across the interface. If the contact angles in the liquid are smaller than 90
• , the mean curvature of the bubble interface is positive, and the pressure inside the bubble is larger than in the surrounding liquid. When the bubble is squeezed, it is compressed and exerts a repulsive force on the solids. When it is stretched, it exerts an attractive force on the solids. Its behavior is comparable to a spring, from a mechanical point of view. However, we will demonstrate that using a bubble presents several advantages compared with classical mechanical springs. One of these advantages is that it is possible to actuate bubbles using the fluidic parameters pressure P and volume V .
To control the actuator, it is necessary to control the bubbles generation. We propose to use a system derived from a syringe pump: The idea is to vary the volume of a tank containing gas in order to push the gas out of a hole. This principle offers the ability to generate a single bubble at a specific location, and to easily control its shape by a mechanical control (position of the piston in the syringe). It was developed in [15] , in which it is underlined that surface tension must be taken into account in the bubble-generator design. Some authors propose other principles for bubble generators, such as electrolysis [2] , [3] , [5] , [13] , [16] , [22] or a rise in temperature [1] , [7] , [8] , [12] , [18] , but the control of the bubbles size is more complex with these methods.
III. DESIGN AND MANUFACTURING
When designing the device, the table weight should be considered, since it will use some of the bubble compliance to reach equilibrium. Consequently, the table has a trefoil shape (see Fig. 1 ) in order to reduce the weight of the platform.
However, what is more important is the anchoring of the bubbles on the platform and on the table. Indeed, if a bubble should escape the system because the mechanical effort is too large, it might attach itself anywhere and create an undesirable mechanical joint. In order to avoid such a defect, the system could integrate a mechanical stop in order not to squeeze the bubbles too much.
The anchoring is a means to ensure that bubbles will remain at a specific location even under mechanical stress. Two methods can be used to ensure this anchoring: a mechanical method and a chemical one [17] . In both cases, the idea is to create an energetic barrier which prevents the triple line (where solid, liquid, and gas phases meet) from moving. The mechanical method consists in creating a sudden variation in the solid part profile: The contact angle θ (see Fig. 4 ) must increase up to an angle called advancing angle value before the triple line can move. The chemical method consists in the deposition of a coating having a different surface energy. Here again, a movement of the triple line requires a change in the contact angle at the borderline of the two surfaces with different energies.
Another advantage for bubbles is that they induce the automatic centering of the table. Because of energy minimization, bubbles tend to have the smallest possible interface surface. Henceforth, they will always move the table to such a position that is most favorable. If the means of anchoring the table and the platform have the same layout, the table will automatically center itself above the platform to superpose both layouts. The assembly of the table with the rest of the device is, therefore, very easy.
The presented prototype is made out of aluminum and has been manufactured using a conventional computer numerical control milling machine. In this design, the anchoring has been realized using the mechanical method. Fig. 2(a) shows the anchoring in this first design. This method has the advantage of being very simple. However, there is a more efficient configuration, which is illustrated in Fig. 2(b) , but this configuration could not be manufactured using conventional machining processes. We are currently investigating other manufacturing means. One promising method is to use an excimer laser to machine polycarbonate.
The bubble generator is based on a volume control, like a syringe pump. In the prototype, the bubble generator is a flexible hose containing the gas, which is squeezed to generate the bubble. The volume of gas initially contained in the hose can be adjusted by filling the hose with an incompressible fluid (see Fig. 3 ).
IV. EQUATIONS
The ultimate purpose of this paper is to find the dynamic equation to predict the table movement under mechanical stress. We propose to model the table dynamics as a mass-spring-dashpot system. The general equations for actuated movements are
where m is the mass of the table, h is the gap between the platform and the table, b t is the viscous friction coefficient, k t is the stiffness coefficient, F ext is the resultant force component along the axis orthogonal to the platform (z-axis), I x ,y is the moment of inertia along x-and y-axes, α x ,y is the rotation angle in the direction x and y, b r is the viscous coefficient for rotation movement, k r is the rotation stiffness coefficient, and Γ x ,y is the torque resultant along x-and y-direction.
In this paper, we will focus on the modeling of k t . To determine the table stiffness, we have to determine the stiffness of one bubble. The total stiffness can be seen as the sum of the stiffness for each bubble, since the configuration is like three parallel springs.
To find the stiffness of a single bubble, we have to model the force developed by a bubble as a function of the distance between the table and the platform. This model takes into account the total volume in the bubble generator gas circuit V , the surface tension at the liquidgas interface γ, the pressure in the liquid outside the bubble P 0 , the temperature T , and the geometry of the anchoring means.
We suppose that the anchoring means are circular, and the table is placed above the platform in such a way that the bubbles have an axisymmetric shape.
Laplace's law relates the surface tension γ, the pressure drop across the interface ΔP (pressure inside bubble minus pressure outside bubble), and the mean curvature of the interface H (see Fig. 4 ):
If the bubble's height is small enough for the Bond number to be smaller than 1, meaning that gravity effects are lower than surface Fig. 4 . Free body diagram of the system. h is the gap between the table and the platform. W and B are the weight and the buoyancy, respectively. s is the diameter of the pinning circle: the triple line. The capillary force has two components: F T S is the surface tension contribution, which must be integrated along the triple line, and F P is the pressure drop contribution, which must be integrated on the surface delimited by the triple line.
tension effects, the variation of hydrostatic pressure along the z-axis is negligible. The mean curvature is therefore uniform along the z-axis. The equation of the interface profile r (z) (see Fig. 4 ) is given by
The boundary conditions for this ordinary differential equation are given by the bubble anchoring means, which impose r at both ends of the profile. The value of the mean curvature is constrained by fluidic parameters. Indeed, the Laplace equation (3) indicates that surface tension is responsible for a pressure drop across the bubble interface. Since the bubble is compressible, the pressure variation in the bubble will be responsible for a volume change. Using the gas law (R g is the gas constant), it is possible to determine the new gas volume in the system (bubble plus gas container)
The mean curvature H must be calculated so that (5) agrees with the number of mole n in the gas system. As a result, there is a coupling between surface tension and gas compressibility.
When the interface geometry is found, it is possible to calculate the force generated by the bubble. As mentioned previously, the developed force has two components [11] .
The surface tension force represents the tension in the interface. The force is the resultant of the distributed force tangent to the interface along the triple line. It is proportional to the sine of the contact angle and to the surface tension
where s is the diameter of the anchoring circle, and
The pressure force represents the effect of the pressure gradient across the bubble interface
Fig. 5. Our model permits H and F to be found assuming n and h. This model can be inverted to find F and h from the knowledge of n (which is known from setup configuration or calibration) and ΔP , which may be measured anywhere in the circuit. Fig. 6 . To calculate the force applied by the bubble on the table, a first guess is made for the mean curvature of the bubble H . Together with the gap h, the profile of the bubble is calculated, from which the volume of the bubble V b is inferred. The total volume V is the sum of V b which depends on the shape of the bubble, and the other volumes in the system which do not depend on the shape of the bubble (volume in the syringe, volume in the cavity in the table). H is also used to calculate the pressure drop ΔP across the bubble interface. The pressure and volume lead to the amount of gas moles n, which is supposed to be constant. In case n is not correct, the value H is adjusted, and a new iteration is performed. The value n can be calculated from the initial total volume V 0 , i.e., the total volume in the system when the table does not touch the bubble.
The total vertical force F = F P + F T S = F z is therefore a function of the bubble shape and the surface tension γ. Bubble shape is given by its mean curvature H and the gap h. Together H and h define a volume which is linked to the pressure by (3) and the number of gas mole n in the system. It is interesting to notice that these equations could be inverted, where the number of gas moles and the pressure should be sufficient to deduce the gap h and the force applied to the table F (see Fig. 5 ). This is interesting because pressure measurement can be done anywhere in the gas circuit, avoiding the need for a position sensor to measure h.
The model detailed earlier was used to size up the prototype. We first defined the geometry of the anchoring circle. Then, we assumed that a bubble (known height) is generated from the platform. Based on these data, it is possible to define the distance between the table and the platform when they come into contact. When the table and the bubble make contact F = 0. From the model, we search for F as a function of h. The iterative resolution scheme is shown in Fig. 6 . We vary the distance h, and we search for the interface mean curvature H, ensuring a constant gas mole number n. When H is found for a value of the gap h, it is possible to calculate the force generated by the bubble. The derivative ∂F /∂h allows the stiffness of the bubble to be determined. Moreover, the model predicts that the gas circuit volume will have a significant influence on bubble stiffness.
In Fig. 7 , the evolution of F as a function of the gap distance h is drawn for configurations with a large gas tank and a small gas tank, leading to different stiffnesses. We have also indicated the results if the fluid was not compressible (constant volume). There is a distance at which the force is zero, which is the distance at which a bubble and a table come into contact. The shape of the bubble is, at this point, a portion of a sphere. If h increases, we see that the force is negative, pulling the table toward the platform, while if h decreases, the force is positive, pushing the table away from the platform. On the contrary, if the gas system volume is small (here 10 −8 m 3 ), any volume variation will induce a significant change in the gas pressure, and the shape of the bubble will vary significantly. The stiffness of the bubble is, therefore, larger (3.9 Nm 
V. EXPERIMENTAL RESULTS
The model has been validated experimentally using the prototype. We will first present a demonstration of the use of the prototype. Then, we will apply mechanical loads on the table and compare the stiffness with model predictions.
A. Demonstration of the Prototype
We manufactured and tested the prototype of the compliant table carried by bubbles. We demonstrated that bubbles were able to withstand the force exerted by an aluminum table. We also demonstrated that it is possible to tilt the table or to move it in the vertical direction by controlling the amount of gas injected in each bubble. The three actuated DOFs are illustrated in Fig. 8 . Finally, we have demonstrated that the table was compliant and able to move under an external solicitation (see Fig. 9 ). 
B. Validation of Vertical Force Model
The model was experimentally validated using the prototype. We used an image-recording system to measure the gap, and we increased the force applied on the table by placing objects of known mass and density on the table (see Fig. 10 ). Because all the actions were performed by an operator, the dynamic of the system was not studied during this experiment. Fig. 11 shows the measurement points and the corresponding model curve. Each measurement was repeated five times, inducing some dispersion on the measured gap. In order to best fit the measurements with the model curve, we assumed a linear diminution of n with the gap, i.e., with the experiment time, at a maximum 0.5%. This is justified by the gas dissolution in the liquid, as well as by the permeability of the flexible hoses used in the system.
The value corresponding to F = 0 indicates the gap between the table and the platform when the table comes into contact with the free bubble during the system assembly, which is independent of V 0 .
We can conclude from these experiments that in these configurations, the vertical stiffness of a single bubble is between 0.67 and 0.86 Nm −1 . The stiffness of the entire table is three times this value.
C. Positioning Resolution
In the bubble generator study, we demonstrated that, thanks to the bubble compression, the ratio between bubble growth and syringe displacement in the piston is low. From [15] , the ratio between h (height of the bubble) and δ (displacement of the piston in the syringe), is (configuration: piston diameter is 0.35 mm and bubble base diameter s is 0.15 mm)
This value is averaged for the small values of h (between 0 and 28 μm), the ratio becomes larger when h is close to s/2. This means that a displacement of the piston of 0.1 mm will increase the height of the bubble for 0.47 μm. In the context of the compliant table, if we assume that the variation of bubble height according to a displacement of the piston in the syringe is the same as for a free bubble, a resolution of 0.1 mm on the syringe would lead to a resolution of 0.47 μm for a vertical translation, and an angular resolution of 0.47 μm/2.5 mm = 1.9 × 10 −4 rad.
VI. CONCLUSION AND PERSPECTIVES
This paper presents a new design of a compliant table, using the properties of gaseous bridges (bubbles) as compliant actuators. So far, we have validated the general concept and the model giving the table stiffness. Work remains to be done in order to validate the other dynamic parameters.
The lateral stiffness of a bubble must also be studied in order to predict the lateral forces that can be handled by the device. If the stiffness is too weak for the application, it is possible to add bubbles in the system to push against the lateral faces of the table. Some technological issues must also be addressed. For example, we suppose in our model that the number of gas moles is constant. The model is very sensitive to this parameter, and any gas dissolution in the liquid or any gas leak should be carefully avoided. One way to reduce the impact of the diffusion on the table position consists in closed-loop control. The improvement of the anchoring sites must also be addressed using new manufacturing technologies.
Finally, the current prototype is manually actuated by an operator. A new actuation system, which can be driven by a controller, is currently under development.
